ABSTRACT: Replication and maintenance of mitochondrial DNA (mtDNA) is essential for cellular function, yet few DNA polymerases are known to function in mitochondria. Here, we conclusively demonstrate that DNA polymerase θ (Polθ) localizes to mitochondria and explore whether this protein is overexpressed in patientderived cells and tumors. Polθ appears to play an important role in facilitating mtDNA replication under conditions of oxidative stress, and this error-prone polymerase was found to introduce mutations into mtDNA. In patient-derived cells bearing a pathogenic mtDNA mutation, Polθ expression levels were increased, indicating that the oxidative conditions in these cells promote higher expression levels for Polθ. Heightened Polθ expression levels were also associated with elevated mtDNA mutation rates in a selected panel of human tumor tissues, suggesting that this protein can influence mutational frequencies in tumors. The results reported indicate that the mitochondrial function of Polθ may have relevance to human disease.
M
itochondria are critical, energy-producing organelles within eukaryotic cells that contain a small amount of their own genetic material (mtDNA). In humans, this circular, 16 kb genome encodes 13 essential subunits of the electron transport chain (ETC), a set of protein complexes essential for enabling mitochondrial respiration and ATP synthesis. Mitochondrial DNA must be properly replicated and protected from damage, making DNA repair and damage tolerance pathways critical to mitochondrial function. 1−3 While mitochondria were long thought to possess limited capacity for DNA repair, more recent research has indicated a more expansive role for such mechanisms within the organelle. 4, 5 In particular, the longstanding dogma that only a single mitochondrial DNA polymerase enzyme, POLγ, functions in mtDNA synthesis has recently come into question. 2 Discovery of mitochondrial localization for the polymerase enzymes PrimPol 6 and Rev3, 7 for example, has indicated that mtDNA replication may be significantly more sophisticated than previously believed. Nevertheless, the complement of proteins involved in catalyzing mtDNA replication remains poorly defined relative to the nuclear genome, where over 16 distinct DNA polymerases have been characterized in mammalian cells. 8−10 In a prior study exploring a new chemical probe-based approach to high-throughput screening for mitochondrial DNA maintenance factors, DNA Polymerase θ (Polθ) appeared in a panel of hits and was proposed as a potential mitochondrially localized factor.
11 Using a family of mitochondria-targeted chemical probes 12−14 in conjunction with a genetic screening approach, a series of DNA maintenance proteins was identified, with Polθ being one of the strongest hits observed. Along with the screening effort, we presented a limited set of preliminary findings suggesting that genetic ablation of DNA polymerase θ (Polθ) expression sensitized cells to targeted mtDNA damage, implying a novel mitochondrial role for this protein.
11
Polθ is a DNA polymerase enzyme that has been implicated in a variety of DNA repair processes in the nucleus, including DNA replication timing, dsDNA break repair, and translesion bypass synthesis. 15−17 The primary nuclear function of Polθ appears to relate to a noncanonical pathway of dsDNA break repair that is essential for maintaining nuclear genomic stability. 18 Prior to our work, no mitochondrial function had been suggested for Polθ. While this earlier study presented initial results indicating that Polθ localizes to mitochondria and that genetic knockout of Polθ impaired mitochondrial function, several questions regarding the role of this protein in mitochondria remained. Most importantly, the submitochondrial localization of Polθ, the mechanism by which it is targeted to mitochondria, and the nature of its activity in the organelle all required further exploration before Polθ could be definitively categorized as a functional mtDNA polymerase. Here, we present conclusive evidence that Polθ is in fact an mtDNA polymerase that is directly involved in maintaining mtDNA replication under conditions of oxidative stress. We also present results showing that Polθ is overexpressed in patient-derived cells corresponding to a genetic mitochondrial pathology, and that Polθ expression is correlated with mtDNA mutational frequency in a subset of tumors. The results presented indicate that this DNA polymerase may play a role in disease-related cellular dysfunction.
Polθ Localizes to Mitochondria. In assessing the likelihood that Polθ functions in mitochondria, we consulted the MitoCarta2.0 list of mammalian mitochondrial proteins. 19 While MitoCarta does not cite Polθ as a mitochondrial protein, it is noteworthy that this database ranks the probability that each gene in the mouse or human genomes encodes a protein whose primary residence is in the mitochondrion, and its scoring system thus penalizes "moonlighting" proteins that are predominantly found in other cellular locations, such as polymerases functioning in the nucleus. 20 However, Polθ still ranks in the top 7% of all genes on the human MitoCarta2.0 list based on estimated false discovery rate (FDR), driven by its favorable scores for mitochondrial import sequence prediction (TargetP), protein domain structure (MitoDomain), and homology to a protein encoded in the Rickettsia prowazekii genome (Rickettsia Homologue; Figure 1a ). Indeed, 137 human genes with higher FDRs are included in the MitoCarta2.0 list based on direct evidence in the literature. 19 As such, the MitoCarta analyses are consistent with Polθ being a candidate moonlighting mitochondrial protein.
In previous studies, we assessed the mitochondrial localization of Polθ using an antibody directed against the endogenous Polθ protein. While the data generated previously supported mitochondrial localization, the low native expression levels of Polθ in mammalian cells made it difficult to observe Polθ's subcellular localization with high resolution.
11 Given the importance of unequivocally establishing the mitochondrial localization of this protein, we cloned and expressed a Polθ construct featuring a C-terminal FLAG tag in human cells. Stringent isolation of highly purified mitochondria from cells, followed by Western blot detection of Polθ using an anti-FLAG antibody, revealed the presence of a significant fraction of Polθ protein within mitochondria (Figure 1b) . When intact isolated mitochondria were exposed to digestion with proteinase K, Polθ was protected from degradation, indicating its localization within the mitochondrial matrix (Figure 1c) .
Immunofluorescence-based detection of Polθ in human cells showed punctate extranuclear localization for the protein colocalizing extensively with a mitochondria-specific marker (MTCO2; Figure 1d ), also indicating mitochondrial localization. Quantification of the association between these two stains over a number of images containing different cells revealed a Pearson's correlation coefficient of 0.39 ± 0.09, which compares favorably to the degree of colocalization observed for previously studied known mitochondrial proteins and dyes.
11, 21 To more closely visualize the submitochondrial localization of Polθ and to confirm localization with an independent method, we also performed immunogold-labeling assays to detect Polθ by transmission electron microscopy. Minimal background staining was detected upon labeling of untransfected cells (Supporting Information Figure 1a ). In contrast, significant gold labeling was detected in both the 
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Letters nucleus and within mitochondria of Polθ-transfected cells (Supporting Information Figure 1b) . Mitochondrial staining was mainly confined to the mitochondrial matrix (Supporting Information Figure 1b) , indicating the localization of Polθ to this DNA-containing mitochondrial compartment. These experiments provide important data that support the prior identification of Polθ as a DNA polymerase with mitochondrial function.
11
Polθ Contains a Mitochondria-Targeting Sequence. Proteins are typically targeted to mitochondria with a mitochondrial targeting sequence (MTS) containing a Nterminal amphipathic α-helix via the protein import machinery located on the mitochondrial outer membrane. 22 Our analysis of the appearance of Polθ in the MitoCarta database indicated that this protein had a putative MTS. Computational analysis of Polθ cDNA using the MitoProt program revealed a predicted MTS at the N-terminus of the protein with the sequence MNLLRRSGKRRRS. 23 This sequence was fused upstream of a cDNA encoding eGFP to create a reporter construct (MTSeGFP) that allowed us to assess its mitochondria-targeting capacity. This reporter construct displayed significant mitochondrial localization when expressed in cells, confirming that this N-terminal sequence of Polθ can act as an MTS ( Figure  2a ). The untagged eGFP vector, in contrast, showed mainly cytosolic and nuclear staining (Figure 2b ).
Mitochondrial localization of MTS-eGFP was further confirmed by biochemical isolation of mitochondria and detection of eGFP with an anti-eGFP antibody. MTS-eGFP protein was protected from degradation following proteinase K digestion of isolated mitochondria, indicating that the MTS of Polθ directs localization to the mitochondrial matrix ( Figure  2c ). Significant nuclear localization was also observed for the MTS-eGFP construct. It should be noted that the same leader sequence of Polθ also contains stretches of positively charged amino acids that are characteristic of nuclear-localization sequences. It is possible that the dual localization of Polθ to both mitochondria and nuclei we observe is mediated by competition between these adjacent localization sequences for interaction with different protein trafficking machineries in the cell, a mechanism that has been observed previously for other dual-targeted proteins. 22 Indeed, deletion of this leader sequence caused Polθ to show diffuse cytosolic localization when expressed in cells, eliminating both the nuclear and mitochondrial localization of the protein (Supporting Information Figure 2 ).
Polθ Associates with the Mitochondrial Genome. We next evaluated the association of Polθ with mtDNA nucleoids, which are protein−DNA complexes in mitochondria housing the majority of mtDNA repair and replication factors. 24, 25 These nucleoids were stained with an anti-dsDNA antibody and visualized by confocal immunofluorescence microscopy. An anti-dsDNA antibody was used as it has been found that DNA chemical stains like DAPI do not stain mitochondrial nucleoids strongly enough to observe mtDNA localization effectively. 26 In our hands, immunological detection of dsDNA has been found to produce a strong mtDNA signal (colocalizing with mitochondrial protein markers) while only weakly staining chromosomal DNA around the nuclear envelope, providing ideal levels of contrast for visualizing these nucleoids.
11 Polθ was found to colocalize with these mitochondrial structures to a significant extent, providing evidence for the association of Polθ with mtDNA in cells (Figure 3a ).
The association of Polθ with mtDNA was further confirmed using a mitochondrial DNA immonoprecipitation assay. This assay directly probes whether there is a direct physical interaction between the protein and mtDNA. Cells were transfected with a HA-tagged Polθ construct and chemically cross-linked to irreversibly link Polθ to DNA bound by the protein. Immunoprecipitation of Polθ was then performed to isolate fragments of bound DNA. Selective amplification of a mitochondrial genomic region from this isolate was successful specifically in Polθ-HA transfected cells, demonstrating the association of Polθ with mtDNA ( Figure 3b ). Sequencing of the associated DNA fragments showed a binding of Polθ across all regions of the mitochondrial genome, indicating a broad role for Polθ in mediating mtDNA synthesis (Figure 3c ).
Polθ Sustains mtDNA Replication Following Oxidative mtDNA Damage. We next investigated the mitochondrial role of Polθ by assessing how mtDNA replication is altered in cells with a CRISPR-engineered genetic knockout in the Polθ gene. Polθ has been posited to have numerous functions in nuclear DNA repair, including in the repair of both oxidative DNA 
ACS Chemical Biology
Letters damage and dsDNA breaks. 16, 17 Our previous studies, however, showed that Polθ knockdown sensitizes cells specifically to oxidative mtDNA damage and not to other lesion-inducing agents, indicating a specific role in the response to mitochondrial oxidative stress.
11 Additionally, we had previously observed that knockout of Polθ is associated with depletion of cellular mtDNA content following oxidative stress; the biochemical mechanism underlying this phenotype, however, is unclear.
11 Previous measurements were obtained by analyzing mtDNA content in cells, but the direct assessment of replication efficiency was not probed.
To assess the role of Polθ in maintaining mtDNA replication following mtDNA oxidation, WT and Polθ KO cells were incubated with the nucleotide analogue EdU, which is selectively incorporated into actively replicating DNA. EdU incorporation was then detected postfixation by a clickchemistry-based reaction, and EdU puncta colocalizing with the mitochondrial nucleoid protein TFAM were visualized by confocal fluorescence microscopy ( Figure 4a) . 27 The number of EdU puncta/cell was quantitated over a series of images to assess the rate of mtDNA replication in the Polθ deficient cell line. Polθ KO cells displayed significantly fewer actively replicating nucleoids when compared to WT cells, indicating significant defects in mtDNA replication (Figure 4a) . Notably, Polθ KO cells were also more sensitive to mtDNA replication arrest following treatment with the oxidant H 2 0 2 , indicating a potential specialized role for Polθ in tolerating oxidative mtDNA lesions (Figure 4a ).
11
To connect this replication defect with alterations in mitochondrial gene expression, we questioned how these mtDNA replication defects affect expression of mtDNAencoded genes. Polθ KO cells were observed to have significantly reduced expression of the mitochondria-encoded ETC subunit MTCO2, possibly reflecting a reduction in mtDNA abundance in this cell line (Figure 4b) . Expression of VDAC1, a nuclear-encoded mitochondrial protein, was only moderately affected. We also gauged the impact of Polθ knockout on mitochondrial biogenesis by staining cells with MitoTracker Green, a dye that localizes to mitochondria in a membrane-potential independent manner. While mitochondrial mass was equivalent in WT and Polθ KO cells under normal growth conditions, mitochondrial content was significantly reduced in Polθ KO cells that had been treated for 24 h with mt-Ox, a mitochondria-localizing compound that has been shown in previous work to induce significant oxidative damage specifically to mtDNA (Figure 4c) . 11 Mitochondrial mass in WT cells was unaffected by this treatment, underscoring that the mtDNA replication activity of Polθ is essential to maintaining mitochondrial abundance in the context of oxidative stress.
The role of this DNA polymerase in the oxidative stress response was probed further by assessing whether heightened expression of Polθ conferred increased tolerance of cells to mtDNA damage. We found that treatment of cells with H 2 O 2 induced a decrease in active mtDNA replication by EdU staining (Figure 4d ). Cells transfected to express WT Polθ before treatment with H 2 O 2 were somewhat protected from this arrest in mtDNA replication (Figure 4d ). In order to confirm that this protective effect of Polθ expression arises from activity specifically within mitochondria, we generated a new Polθ construct where the N-terminal MTS region is replaced by the known nuclear localization sequence PKKKRV. 28 Expression of this construct in cells caused the Polθ protein to localize exclusively to the nucleus, with no mitochondrial localization observable (Supporting Information Figure 3) . Expression of Polθ-NLS, additionally, did not increase rates of mtDNA replication following mtDNA oxidation, indicating that Polθ's activity is mediated through direct action on the mitochondrial genome (Figure 4d ).
Given the apparent importance of Polθ in mediating an effective response to mtDNA damage, we also evaluated whether expression of Polθ is naturally elevated in cells undergoing mtDNA-damaging stress. Gene expression analysis by qPCR revealed that steady-state levels of Polθ mRNA increased significantly 24 h after treatment of cells with mt-Ox (Figure 4e ). This observation indicates that cellular upregulation of Polθ is part of the response to oxidative stress.
We probed whether Polθ expression was perturbed in a patient-derived cell line harboring a mtDNA mutation causing MELAS, a mitochondrial disease associated with severe mitochondrial dysfunction and oxidative cellular damage (Figure 4f) . 29 A significant upregulation of the Polθ mRNA was observed in these cells. Taken together, these results imply that Polθ is a key DNA damage response gene that regulates tolerance of cells to oxidative mtDNA damage.
Polθ Modulates mtDNA Mutagenesis in Both Cultured Cells and Clinical Samples. Finally, we wished to more closely examine how Polθ activity affects the integrity of the mitochondrial genome. Prior work had indicated that Polθ 
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11 Additionally, experiments in vitro have shown that Polθ is a relatively error-prone polymerase, raising the possibility that mitochondrial Polθ may be mutagenic in living cells. 30 Indeed, deep sequencing of mtDNA from cells transfected with WT Polθ showed an increase in the frequency of heteroplasmic point mutations (mutations making up greater than 0.5% of the overall mtDNA content at a given base position) in mtDNA (Figure 5a ). This effect was not observed in cells expressing a catalytically inactive form of Polθ (Figure 5a ), strongly supporting Polθ's direct action on the mitochondrial genome. Interestingly, while Polθ has been suggested to play a role in dsDNA break repair in the nucleus, the rate of insertions (Figure 5b ) or deletions ( Figure  5c ) in mtDNA was unaffected by Polθ overexpression. Read depth patterns over the mitochondrial genome were also unaffected, indicating the absence of any large-scale genomic rearrangements caused by heightened Polθ activity (Figure 5d) . These results suggest a distinct role for Polθ in mitochondria versus the nucleus.
Polθ has been reported to be transcriptionally upregulated in a variety of human cancers. 31, 32 As our studies indicate that Polθ overexpression modulates rates of mutation in mtDNA, we next sought to determine whether mtDNA mutation rates are altered in Polθ-overexpressing tumors. We acquired wholeexome sequencing data from the Cancer Genome Atlas for 47 hepatocellular tumor samples and identified a set of tumors with both high (mRNA expression Z score > 0.5) and low (Z < −0.5) Polθ expression. We then quantitated the number somatic mtDNA mutations in these same tumors identified by previously reported deep sequencing analysis. 33 High Polθ-expression tumors were found to harbor significantly larger numbers of mtDNA point mutations when compared to tumors with low Polθ expression (Figure 5e ). These results show that high Polθ expression levels may drive mitochondrial mutagenic activity in a clinically relevant context and raise interesting questions about how mitochondrial function may be altered in Polθ-overexpressing tumors.
DNA Polymerase θ is a Mitochondrial Protein that Modulates Replication Error. While mitochondrial DNA repair and replication had long been thought to be governed by simpler and less sophisticated biochemical processes than those that exist in the nucleus, a growing body of research is 
Letters convincingly showing that mitochondria do in fact possess advanced pathways of DNA damage tolerance. 6, 7 Here, we provide critical support to the initial discovery that DNA Polymerase θ is a central factor in mtDNA replication and repair, localizing to and mediating DNA synthesis within the organelle. We report a series of new experiments and insights that provide strong evidence that Polθ is a mitochondrial protein and, importantly, explore the physiological relevance of this finding.
We observed that knockout of Polθ is associated with decreased mtDNA replication when cells are exposed to oxidative stress. Polθ expression increases substantially following oxidative mtDNA damage, facilitating efficient replication of the mitochondrial genomic material. These findings elucidate a novel pathway by which mitochondria maintain their mtDNA levels under oxidative DNA-damaging stress conditions. Interestingly, this mitochondrial function for Polθ is distinct from this protein's roles in the nucleus, where it appears to act in error-prone repair of dsDNA breaks as well as DNA replication timing and regulation of G-quadraplex structures. 15 ,34−37 Polθ's many diverse roles in different compartments of the cell thus mark it as a unique multifunctional enzyme that deserves significant further study and research.
Our previous work had already provided preliminary support for Polθ's mitochondrial localization, but functional characterization of mitochondrial proteins can always be prone to artifacts and misleading results. This is especially true when available antibodies against a protein of interest are of mixed quality and a protein has multiple cellular roles that could be indirectly impacting mitochondrial function. In this study, we were able to confirm our results indicating Polθ's mitochondrial localization with much higher specificity and resolution by using a controlled gene expression system to detect tagged Polθ protein. We found that Polθ localizes to the mitochondrial matrix and directly associates with mtDNA, answering questions not addressed in prior work. A putative MTS of Polθ is also identified for the first time. Similarly, our functional studies clearly demonstrate a novel role for Polθ in mtDNA replication and show conclusively that this activity relates to Polθ's direct action within mitochondria. All of these key findings were not addressed by our previous study.
Finally, we present intriguing new results confirming that the replicative function of Polθ might have significant consequences for the long-term maintenance of the mitochondrial genetic material. High expression of Polθ appears to affect the mitochondrial genome by increasing the frequency of mtDNA point mutations; this effect is also observed in a panel of human tumor tissues reported to express Polθ at high levels. While our previous study had indicated a link between Polθ function and mtDNA mutagenesis in cultured cells, this is the first demonstration that this activity might be relevant in vivo. The finding that Polθ could modulate mtDNA mutation rates in cancer is highly significant, as Polθ is frequently overexpressed across a wide range of tumor subtypes. 31 Mitochondrial DNA mutations, additionally, have been found to drive increased cancer growth and metastasis in a number of different studies. 38 The work we present here suggests a potentially novel mechanism linking these two pathophysiological processes, implying that Polθ's mitochondrial activity may have significant relevance in human health and disease.
■ MATERIALS AND METHODS
Cell Culture. LentiX-293T cells were obtained from ATCC and cultured in DMEM containing 10% FBS. HeLa cells were also obtained from ATCC and cultured in MEM-α containing 10% FBS. HAP1 WT and POLQ KO cells were obtained from Horizon Genomics and cultured in IMDM containing 10% FBS. In all cases, cells were maintained in a 37°C incubator with 5% CO 2 .
Mitochondrial DNA Immunoprecipitation Assays. LentiX cells were seeded in 150 mm dishes at a density of 3 × 10 6 cells/ dish and allowed to attach overnight. Cells were then transfected using 24 μg of DNA and 60 μL of Lipofectamine 2000 according to the manufacturer's instructions. After 48 h, cells were cross-linked by the addition of 16% PFA directly to the cell culture media to achieve a final 1% PFA concentration. After 10 min, the cross-linking reaction was quenched by the addition of 1 M glycine to a final concentration of 0.125 M. Cells were washed once with dPBS and transferred using a cell scraper into a 15 mL falcon tube. Cells were then spun down at 600g for 5 min, resuspended in lysis buffer (20 mM Tris, 125 mM NaCl 0.2% Triton-X-100, 1 mM EDTA), and sonicated in a VWR Symphony sonicating bath for 30 min to shear genomic DNA. The insoluble protein fraction was removed by centrifugation at 15 000g for 15 min. Protein concentration in the resultant soluble fraction was quantitated by BCA assay. A total of 200 μg of protein was diluted to 500 μL in PBS and incubated for 1 h with rotation with 25 μL of Protein G Dynabeads (NEB) to preclear nonspecific interactions. Precleared lysate was then incubated overnight with 2 μg of anti-HA antibody, followed by a 1 h incubation with 25 μL of Protein G Dynabeads. Beads were isolated using a magnetic bar and washed four times with lysis buffer and four times with TE buffer. To reverse crosslinks and elute DNA, beads were resuspended in a pH 11 TE buffer 
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11 Alternatively, isolated DNA was also sequenced as described below.
Confocal Immunofluorescence Microscopy. LentiX cells were seeded in six well plates containing 25 mm glass coverslips at a density of 150 000 cells/well. After overnight attachment, they were transfected using 2 μg of DNA and 5 μL of Lipofectamine 2000 according to the manufacturer's instructions. A total of 48 h following transfection, cells were fixed for 10 min by incubation with 4% PFA in PBS at RT. Cells were washed with PBS twice for 10 min each, then permeabilized with 0.4% Triton-X-100 for 20 min. Cells were washed twice with PBS for 5 min each, then incubated for 1 h with blocking buffer containing 0.1% Triton-X-100 and 5% Goat Serum in PBS. Primary antibodies were diluted in blocking buffer at the following dilutions: 1:250 rabbit anti-FLAG (Sigma F7425 Where applicable, Hoechst 33332 (Sigma) was used to stain nuclei at a concentration of 1:1000. Cells were then washed twice with PBS and imaged using a Quorum spinning disk confocal microscope.
Live Cell Fluorescence Microscopy. HeLa cells were seeded in eight well ibidi μ-slides at a density of 16 000 cells/well and allowed to attach overnight. Cells were then transfected with indicated eGFP constructs using 100 ng of DNA and 0.25 μL of Lipofectamine 2000 according to he manufacturer's instructions. After 24 h, media were removed and cells were stained with 100 nM Mitotracker Deep Red in Opti-MEM for 15 min. Cells were washed twice with Opti-MEM and imaged using a Zeiss Observer microscope.
Mitochondrial Isolation. LentiX cells were seeded in T175 flasks at a density of 3 × 10 6 cells/dish and allowed to attach overnight. Cells were then transfected using 24 μg of DNA and 60 μL of Lipofectamine 2000 according to the manufacturer's instructions. After 48 h, cells were isolated by trypsinization and centrifugation at 600g for 10 min. Sucrose gradient isolation of mitochondria was performed as described previously.
11
Proteinase K Digestion Assays. Mitochondria were isolated from POLQ-HA-FLAG or MTS-eGFP transfected LentiX cells as described above. Mitochondria were resuspended in buffer containing 10 mM Tris, 1 mM EDTA, and 250 mM sucrose at pH 7.5. Protein content was quantitated by BCA. Subsequently, 80 μg of mitochondrial extract was incubated either with or without 100 μg/ mL Proteinase K for 20 min on ice. Protein was precipitated by addition of two volumes of 20% ice-cold TCA and isolated by centrifugation at 3000g. The protein pellet was washed with acetone and dissolved directly in two times Laemmli buffer with 100 mM DTT for subsequent analysis by SDS-PAGE. An antibody against Bcl-XL (Abcam, ab31396) was used to monitor degradation of a mitochondrial outer membrane protein by proteinase K. Antibodies against TFAM (ab131607) or PDH1a (sc-292543) were used to monitor degradation of a mitochondrial matrix protein by proteinase K, with antibody choice determined by protein size so as to maximize efficient use of a given protein extract in Western blotting.
EdU Staining. HAP1 WT and POLQ KO cells were seeded in six well plates containing 25 mm glass coverslips at a density of 250 000 cells/well and allowed to attach overnight. LentiX cells were seeded in six well plates containing 25 mm glass coverslips at a density of 150 000 cells/well and subsequently transfected for 24 h with pCDH-POLQ-WT-HA-FLAG and pCDH-POLQ-D2330A-HA-FLAG constructs as described above. Cells were subsequently treated with media containing 10 μM EdU and the indicated concentrations of H 2 O 2 for 24 h. Concentrations of H 2 O 2 were chosen based on observed sensitivity of different cell lines to toxic effects of H 2 O 2 ; LentiX cells were found to be more H 2 O 2 -resistant than HAP1 cells, and so higher absolute concentrations were used. Following incubation, cells were fixed in 4% PFA in PBS for 10 min at RT. Cells were then washed twice with 3% BSA in PBS for 5 min each. Cells were permeabilized at RT using 0.5% Triton-X-100 in PBS and subsequently washed twice with PBS for 5 min each. EdU labeling was performed using the ClickiT EdU AlexaFluor 488 Imaging Kit using manufacturer's instructions. Cells were imaged using a Quorum spinning disk confocal microscope. Ten images covering at least 30 cells were acquired for each experimental condition. Extranuclear puncta corresponding to mitochondrial nucleoids were counted by eye over each image set. H 2 O 2 was used as an oxidizing agent for these studies because mt-Ox is fluorescent and interferes with multicolor imaging experiments. 39 mtDNA Sequencing. LentiX cells were seeded in T175 flasks at a density of 3 × 10 6 cells/dish and allowed to attach overnight. Cells were then transfected using 24 μg of DNA and 60 μL of Lipofectamine 2000 according to the manufacturer's instructions. Isolation of mitochondria was performed as described previously.
11 Mitochondrial DNA was extracted from the resulting mitochondrial extracts using the GenElute Mammalian DNA Miniprep Kit (Sigma) using manufacturer's directions. Paired-end sequencing was performed on an Illumina MiSeq platform with a Nextera XT library preparation. Reads were aligned to a mitochondrial DNA consensus sequence using Bowtie2, 40 and point mutations were analyzed using Samtools. 41 Mutations were defined as deviations from the consensus mitochondrial genome sequence. In order to define single nucleotide mutations, quality settings were applied such that a mutation must represent a number of reads corresponding to 0.5% of the average read depth for the given sample. These parameters allow for normalization of differences in sequence coverage between cell lines and biological replicates. Insertions and deletions, being much rarer events, were simply counted and normalized to the number of reads for each sample. Some SNPs corresponding to variations in native mtDNA sequence between our cell lines and the mtDNA reference sequence (GRCh38 build) were observed and excluded from global mutation analysis. Electron Microscopy. LentiX cells were transfected as described above with POLQ-FLAG-HA WT DNA. After 48 h, cells were pelleted at 1500g and fixed in 0.1 M phosphate buffer (pH 7.2) containing 4% paraformaldehyde and 0.2% glutaraldehyde for 2 h at RT. Samples were then washed 3 times for 15 min each with 0.1 M phosphate buffer (pH 7.2) and dehydrated through a series of graded ethanol solutions. Samples were then embedded in resin, polymerized at −20°C with UV light using a 0.1% benzol UV catalyst for 24 h and then moved to 60°C for 48 h with a 5 ppm hydroquinone thermal catalyst. Ultrathin sections were collected on nickel grids and floated for 30 min at RT under conditions with TBS (1 mM CaCl 2 , 1 mM MgCl 2 , 4% fish gelatin, 50 mM Tris, 150 mM NaCl). Grids were then floated on drops containing Anti-FLAG M2 antibody (Sigma F1804) diluted 1:50 in conditioned TBS for 1 h. Grids were washed by floating on drops of conditioned TBS five times for 5 min each. Subsequently, grids were stained by floating on drops containing goat anti-mouse IgG-10 nm gold antibody conjugate diluted 1:50 in conditioned TBS for 30 min. Grids were again washed five times for 5 min each as above. Finally, grids were contrast-stained with 5% uranyl acetate for 10 min at RT and imaged on a Hitachi H-7000 transmission electron microscope.
Mitotracker Green Staining. WT and Polθ KO cells were seeded in 12 well plates at a concentration of 150 000 cells/well and allowed to attach overnight. The next day, cell growth media were replaced with media containing 4 μM mtOx. After 24 h of treatment, cell growth media were removed and replaced with media containing 250 nM Mitotracker Green. Cells were subsequently incubated for 20 min. Media were then removed, and cells were harvested by trypsinization. Cells were spun down at 600g, washed once with PBS, and subsequently resuspended in PBS containing 5 nM Sytox Red to allow for identification of dead cells. Cells were then analyzed by flow cytometry using a BD FACSCanto flow cytometer. Average fluorescence in the FITC channel was measured and taken to be a measure of mitochondrial mass.
Western Blotting. Unless otherwise indicated, cell lysates were extracted by resuspension of cells in RIPA buffer containing 1 mM
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Letters PMSF. TGX Mini-Protean Tris Glycine 4−15% gradient gels (BioRad) were used for SDS-PAGE. Transfer was performed to the PVDF membrane over 1 h using Novex Tris-Glycine transfer buffer (Life Technologies) containing 20% methanol. Blocking was performed in Tris-buffered glycine buffer containing 0.1% Tween and 5% skim milk for 1 h at RT. Primary antibodies against MTCO2 (Abcam, ab110258), HSP70 (Abcam, ab2787), and VDAC1 (Abcam, ab15895) were all diluted 1:500 in TBST and incubated overnight. Secondary anti-mouse (Cell Signaling, 7076S) and anti-rabbit (Cell Signaling, 7074S) HRP conjugate antibodies were applied for 1 h at RT. Membranes were washed four times for 5 min each with TBST following each antibody application. Blots were exposed using a ChemiDoc imager (BioRad).
mRNA Expression Experiments. LentiX cells were seeded in 12 well plates at a concentration of 150 000 cells/well and allowed to attach overnight. The next day, cell growth media were replaced with media containing 4 μM mtOx or 8 μM mtOx. RNA was extracted using TRIzol Reagent (Life Technologies) according to the manufacturer's instructions after 24 h. The extracted RNA was treated with TURBO DNase (Life Technologies, 2U/μL) then quenched and purified through a subsequent TRIzol isolation. RNA was quantified via NanoDrop2000 (ThermoFisher Scientific). RT-qPCR was performed using a TaqMan RNA-to-CT 1-Step Kit (Life Technologies) according to the manufacturer's directions for a 96-well Applied Biosystems 7500 Real-Time PCR System (50 μL/reaction). Predesigned TaqMan Gene Expression Assay primer/probe sets were used for detection of GAPDH (Life Technologies, Hs02786624_g1) and POLQ (Life Technologies, Hs00981375_m1).
Fold change values for POLQ were calculated based on relative quantitation using comparative C T values corrected by GAPDH endogenous control.
Bioinformatic Studies. mRNA expression data for the POLQ gene was obtained for a list of 47 hepatocellular cancers from the TCGA provisional data set using cBioPortal. 42, 43 Information on somatic mtDNA mutation rates was obtained from a separate study that included the same tumor specimens. 33 Hepatocellular tumors were chosen for this study because of the wide spread in POLQ expression levels observed in this data set as well as the availability of mtDNA sequencing data.
Molecular Cloning. pCDH-POLQ-WT and pCDH-POLQ-D2330A plasmids were generously donated by Rick Wood's lab (MD Anderson Cancer Centre). The pCDH-POLQ-NLS and pCDH-POLQ-delMTS construct was generated by de novo synthesis of a POLQ gene fragment featuring the desired sequence (ACGT), followed by standard subcloning protocols.
Statistical Analysis. Sample sizes for each given experiment are detailed in corresponding figure legends. All p values were determined by the student's two-tailed t test.
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